A B S T R A C T The adherence of 18 strains of streptococci to sections of normal canine and human aortic, mitral, and tricuspid valves and to canine interatrial septum was compared in an in vitro system. Quantitative measurements of adherence ratios were performed by two independent methods. Adherence ratios for Streptococcus mutans, S. sanguis, S. bovis, and Group D streptococci were higher (0.0058-0.0101) than for the other streptococcal strains studied (0.0025-0.0041). With the exception of Group D streptococci, adherence ratios for each bacterial strain were similar with the aortic, mitral, and tricuspid valve sections. Adherence ratios with normal human and canine valve leaflets were similar, but adherence ratios with interatrial septum were lower than with normal valve sections.
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Adherence ratios for glucan-positive and glucannegative strains of streptococci with normal and with damaged aortic valve leaflets were also compared. The adherence ratios of the glucan-positive streptococci (S. mutans, S. sanguis, and S. bovis) and one glucannegative enterococcal strain (KG-3) were approximately five times higher with damaged aortic valves (0.039-0.051) than with normal aortic valves (0.009-0.010). For glucan-positive strains, adherence ratios with normal aortic leaflets were similar when bacteria were grown in media which contains or lacks sucrose. In striking contrast, growth of the glucan-positive strains in medium which lacks sucrose, with resultant deficiency of glucan production, decreased the adherence ratios with damaged aortic valve leaflets to those found with normal aortic leaflets. Treatment of glucan-positive strains with dextranase resulted in a decrease in their adherence ratios to levels seen with bacteria grown in medium lacking sucrose, but the higher adherence ratios could be restored in the presence of exogenous dextran.
It is concluded that glucan production is one quantitatively important factor that contributes to the greater adherence of glucan-positive streptococci to damaged rather than to normal aortic heart valve leaflets. However, glucan production is not the only factor that determines preferential adherence of streptococci to damaged heart valves, because glucan-negative strains may also show some degree of increased adherence to damaged valves. Thus, bacterial glucan production is one of the factors that could contribute to the pathogenesis of bacterial endocarditis. INTRODUCTION Gram-positive cocci adhere well to normal heart valves in vitro, whereas aerobic gram-negative bacilli do not adhere well with the exception of Pseudomonas aeruginosa (1) . Colonization of a specific mucosal surface is an early event in the pathogenesis of many bacterial infections (2) and the ability of a given bacterial strain to adhere to a mucosal surface is one important factor in determining the localization of infections caused by the specific bacterial strain (3, 4) . In addition, differences in adherence properties of bacterial pathogens may help to determine the most likely etiologic agent of infection at a particular anatomic site (5) (6) (7) (8) (9) .
Streptococci are the most frequent organisms associated with endocarditis in man (10) . Streptococcus sanguis the classic endocarditis, as well as S. bovis and S. mutans, are glucan-producing strains found in many patients with endocarditis (11) (12) (13) (14) (15) .
The role of dextran in adherence of streptococci to teeth surfaces has been elegantly described by Gibbons and collaborators (16) in their studies on the cariogenic potential of S. mutans and its correlation with dextran production. Further clarification of the role of dextran came from the demonstration that adherence of S. mutans to smooth glass surfaces requires the synthesis of a water insoluble dextran-levan polymer and the participation of binding sites on the surfaces of the bacterial cell (17) . Elliot suggested that dextran production may be of importance in the adherence of bacteria to heart valves (18) . The role of dextran in adherence of streptococci to heart valves has not been systematically studied. To clarify the role of dextran in adherence to heart valves a series of experiments was designed. First, we wanted to expand our previous observation (1) and use a larger number of streptococcal strains including glucan-positive and glucan-negative strains. Second, we wanted to compare the adherence of every strain to the different valve leaflets. Third, to clarify the specificity or nonspecificity of adherence to valvular endothelia, we compared adherence to interatrial septa, a thin, nonvalvular endothelial tissue that could be handled like the valve leaflets in our in vitro system. Fourth, experiments were designed to study the adherence of streptococcal strains to heart valve leaflets covered with a nonbacterial thrombotic endocarditic lesion, platelets, and fibrin.
Finally, we studied the role of endogenous glucans and exogenous dextran in the adherence of glucan-positive and glucan-negative bacterial strains to normal and to damaged valves. Experiments were designed to study the role of endogenous glucans and of exogenous dextran in such adherence.
The data demonstrate that adherence of streptococcal strains to different heart valve leaflets is comparable. with the exception of Group D streptococcal strains which were found to adhere less well to tricuspid valve leaflets. Adherence to interatrial septa for the bacterial strains studied was lower than for any of the valve leaflets. Adherence to damaged valves was approximately five times higher than the adherence to normal valves. The adherence of glucan-positive strains to damaged valves was shown to be dependent on the presence of glucans.
METHODS
Bacterial strains and conditions of cultivation. The bacterial strains used in this study were obtained from various sources (Table I ). All bacterial strains listed in Table I , that were isolated from clinical specimens for this study or our previous study (1) , were lyophilized at the time they were originally isolated. All strains were used fresh after reconstitu- Preparation of standardized sections of normal aortic, mitral and tricuspid valves and interatrial septa. In experiments utilizing normal canine valves, hearts were excised from dogs sacrificed for other purposes. In some cases the dogs were heparinized before sacrifice. The interatrial septum was chosen as a control, because it is a thin nonvalvular tissue with vascular endothelium on both sides and it can be cut with a skin punch biopsy in the same wax as valvular tissue. Human aortic, mitral, and tricuspid valves were also obtained from seven human cadavers at autopsy. The method for preparing standardized sections ofcanine and human heart valves with a 2-mm diameter skin biopsy punch under sterile conditions has been described previously (1) . The same technique was used to prepare the interatrial septum sections. Preparation of standardized sections of traumatized aortic valves with nonbacterial thrombotic endocarditis. Mongrel dogs of either sex weighing 14-16 kg were anesthetized by intravenous injection of pentobarbital (50 mg/kg). The neck region was shaved and an incision made to expose the left carotid artery. The vessel was ligated in its distal portion and a polyethylene-160 catheter (inside diameter 0.045 inches, outside diameter 0.062 inches; Clay-Adams, Div. of Becton, Dickinson & Co., Parsippany, N. J.) containing sterile saline was introduced into the heart. The catheter was left in place for [18] [19] [20] h. The aortic valve leaflets were removed by sterile techniques and placed in sterile phosphate-buffered saline (PBS). Sections were cut only from areas ofthe valves showing macroscopically visible damage. Microscopic examination of representative sections revealed deposition offibrin and platelets on the traumatized endothelial surface.
Quantitative measurement of bacterial adherence to valve and interatrial sections. The bacteria were labeled with 51Cr as previously described (1) . The following standardized conditions were used for all experiments unless otherwise noted.
Four valve sections were placed in 3-ml samples of 51Cr-labeled suspensions ofbacteria and were agitated at 16 cycles! min on a reciprocating shaker at 25°C for 1.h. Two pairs of valve sections were washed three times with pH 7.2 PBS solution (NaCl, 122.49 g; Na2HPO4, 26 .64 g; KH2PO4, 7.75 g; distilled water, 19 liters) and each pair was placed in a mortar with 3 ml of PBS and 0.5 g of sterile sand and homogenized with a pestle until discrete pieces of tissue were no longer visible.
Quantitation ofviable bacteria and 51Cr-labeled bacteria was performed with samples of the standardized bacterial susIAbbreviations used in this paper: PBS, phosphate-buffered saline; TSB, trypticase soy broth.
pensions, the homogenates of the valve sections, and the residual bacterial suspensions after removal ofthe heart valve sections as previously described (1) . Counting was performed in a Beckman model 7000 gamma scintillation counter (Beckman Instruments, Inc., Fullerton, Calif.).
Adherence ratios were defined as the proportion of bacteria in the initial suspension that was recovered from the washed homogenized valve sections. The adherence ratios were calculated from measurement of radioactivity and from viable counts as described previously (1) .
Statistical data was compared by using the t test (20) . Adherence studies with dextranase-treated glucan-positive streptococci. Dextranase (Sigma Chemical Co., St. Louis, Mo., i-5884 crude powder, 28 U/mg, solid lot 84C-0302) was shown to be capablq of depolymerizing dextran T-2000 (Pharmacia Fine Chemicals AB, Uppsala, Sweden, lot $I22) under conditions described by Murayama et al. (21) . In some experiments dextranase was inactivated by prior heating at 60°C for 60 min. Determination of dextranase activity after heat inactivation confirmed failure to depolymerize dextran T-2000.
Glucan-positive streptococcal strains were grown in TSB containing 5% sucrose for 18 h. The bacterial cells were collected by centrifugation (10,000 g for 15 min), washed two times with PBS, and suspended to an OD of0.3 (A560) in 10 ml of PBS to which 0.2 mg/ml of dextranase was added. In some experiments the concentration of dextranase was varied as noted in the text. The cells were incubated for 1 h with the dextranase, centrifuged and washed three times with PBS, re-suspended in PBS, re-adjusted to 0.3 A,90, and a colony count performed. Adherence studies were then carried out with the dextranase-treated cells by the methods described above with and without addition of exogenous dextran T-2000 at 5 mg/ml.
Determination of glucan production, induction of glucannegative strains, and measurement of extracellular polysaccharide. Extracellular polysaccharide production (presumably glucan) was determined by an already published method (22) .
Dextran production was also determined for all glucanpositive strains by the ethanol precipitation method of Hehre and Neill (15) . Quantitative measurement of extracellular glucan production was also determined by the assay method of Hamada et al. (23) .
Glucan production was determined before and after each experiment in which a dextran-positive strain was used. Determination of polysaccharide production by the glucan-positive strains was also carried out before incubation with dextranase, after 1 h incubation with dextranase, and after 24 h incubation with dextranase.
When glucan-positive strains were cultured serially in the laboratory they lost the capacity to produce dextran after 16-18 passages. When glucan-positive strains were grown in a medium which lacks sucrose such as TSB, or the chemically defined synthetic medium (FMC) ofTerleckcyj and collaborators (19) , they were shown to be unable to synthesize glucan. Adherence studies to normal and abnormal valve leaflets were carried out with bacteria grown under these conditions to determine the role of endogenous glucan production in bacterial adherence.
RESULTS
Adherence of streptococcal strains to normal canine valve leaflets. Comparison of adherence ratios for the 18 streptococcal strains studied reveals important differences (Table II) . The adherence ratios of S. mutans, Adherence of streptococcal strains to canine interatrial septum. Adherence ratios for four streptococcal strains were determined for interatrial septum sections and were lower than the adherence ratios with aortic, mitral, or tricuspid valve leaflets. This difference was found to be highly significant (P c 0.01). Adherence ratios with interatrial septum were from five to six times lower than the adherence ratios for valve leaflets with each of the streptococcal strains tested.
Relationship of adherence to concentration of bacteria in the incubation medium. For each bacterial strain tested the number of bacteria that became attached to aortic, mitral, or tricuspid valve sections was a constant proportion of the number of bacteria in the incubation medium. Representative data for a strain of S. mutans 6715 are presented in Fig. 1 .
Adherence of streptococci to normal and damaged aortic valves. Seven of the eight streptococcal strains tested had similar adherence ratios with aortic valve leaflets (Table III) . For all streptococcal strains tested adherence ratios with damaged aortic valves were higher than with normal aortic valves by factors of two to five. Adherence ratios for strains of streptococci associated with endocarditis in humans were four to five times higher for damaged aortic valve leaflets than for 808 (Table IV) . When S. mutans strain 6715 was grown in a sucrosefree medium and dextran T-2000 was added to the bacterial suspension at 5 mg/ml, the adherence ratios with normal valves were unchanged but the adherence ratios with damaged aortic valves increased to values similar to the adherence ratios when the strain was grown in a medium containing 5% sucrose (P.-0.2). Eight additional streptococcal strains, including both glucan-positive and glucan-negative strains, were grown in medium that contains or that lacks sucrose and then adherence ratios with normal and with damaged canine aortic valves were compared (Table  V) . With normal aortic valve leaflets, the adherence ratios for each strain were similar to those with cells grown in medium that contains or that lacks sucrose. Adherence of the glucan-positive streptococci, including S. mutans, S. sanguis, and S. bovis to damaged aortic valve sections was dependent on the conditions of cultivation of the bacteria. In each case adherence ratios with bacteria grown in the presence of sucrose were approximately five times higher than with bacteria grown in the absence of sucrose. In contrast, the adherence ratios of the glucan-negative strains Enterococcus KG-3 and S. salivarius CM-6 with (Table VI) . The adherence ratios of the glucan-positive strains S. mutans 6715 and S. mutans CR-1 decreased progressively as the concentration of dextranase was increased to 0.1 mg/ml. Further increases in the concentration of dextranase did not result in any further decrease in the adherence ratios. The adherence ratios of the glucan-negative strains Enterococcus KG-3, Staphylococcus aureus and S. epidermidis were not affected by incubation with dextranase at concentrations up to the highest tested (2 mg/ml). When glucan-positive streptococcal strains were incubated for 1 h with dextranase (0.2 mg/ml), the morphology of the cells was unchanged and the extracellular polysaccharide production decreased by 10%. Adherence ratios of glucan-positive streptococcal strains, incubated with dextranase for 1 h to damaged aortic valves, were similar to adherence ratios found with normal valves. When dextranase was heated for 60 min at 60°C, it lost its ability to depolymerize dextran and concomitantly lost its ability to modify glucan-positive bacteria in such a way that their adherence ratios with damaged aortic valve leaflets were decreased.
The effects ofdextranase (0.2 mg/ml) treatment and of the addition of exogenous dextran T-2000 (5 mg/ml) on the adherence ratios of five glucan-positive strains and ofone glucan-negative strain with damaged aortic valve leaflets were also tested after the strains were grown in FMC medium with or without sucrose (Table VII) . The addition of dextran to potentially glucan-positive strains either after growth in the absence of sucrose or after treatment with dextranase, restored the adherence ratios to levels found with the control bacteria grown in the presence of sucrose. The effect was seen with all glucan-positive strains regardless ofthe source, but was not seen with the glucan-negative strain Enterococcus KG-3.
DISCUSSION
In our original observation we found that gram-positive cocci adhered better than gram-negative bacilli to heart valves (1). With the new experimental data we have significantly extended our original work. The adherence ratios of most bacteremic and laboratory strains of streptococci to normal aortic, mitral, and tricuspid valve leaflets were similar. The adherence ratios of Group D streptococci were also from 3 to 10 times lower with tricuspid valve leaflets than with mitral leaflets. The explanation and implications for this phenomenon remain undefined but may be correlated with the lower reported involvement of enterococci in right-sided endocarditis (24, 25) .
The initial event in the pathogenesis of bacterial endocarditis in man is the attachment of bacteria to heart valves. That the attachment of bacteria is most likely to occur to a damaged valve with a nonbacterial thrombotic endocarditis lesion was suggested by Angrist and Oka (26) , and has been confirmed in the experimental rabbit model by Durack and Beeson (27) .
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C. H. Ramirez-Ronda Fig. 2 . The role of dextran in the adherence of dextran-posi- tive streptococci to heart valves has been suggested previously (18) . Our data demonstrates that the greater adherence of glucan-positive strains to damaged aortic valves over normal aortic valves depends on their ability to synthesize glucans. The precise role of glucans in the adherence ofbacteria to damaged valves has not been defined at the biochemical level.
The effects of various concentrations of dextranase on the adherence of five bacterial strains showed that dextranase did not affect the adherence of glucan-negative strains, irrespective of the enzyme concentration. For glucan-positive strains the adherence progressively decreased as the enzyme concentration increased to 0.1 mg/ml, but further increases in enzyme concentration did not affect adherence (Table VI The source of dextran has been shown not to be important in the mediation of adherence, but the molecular weight of dextran plays a role because low molecular weight dextran does not mediate binding although dextran T-2000 is an effective agent (28) . In our experiments the addition of exogenous dextran T-2000 5 mg/ml restores the adherence to levels found in controls. The addition of either dextran or sucrose to broth cultures or washed cell suspensions of S. mutans results in a rapid, dramatic cellular aggregation (29) . Dextran-induced aggregation results from dextran cross linking of cells while sucrose-induced aggregation depends upon synthesis of dextran by dextransucrase and subsequent cellular binding ofthe product (30) . Dextran binding by S. mutans may be mediated by two classes of cell associated proteins, dextransucrase, and a nonenzyme protein receptor (17, 31, 32) .
Whether in our system we are dealing with receptors for dextran in the platelet-fibrin thrombus and(or) the glucan-positive bacterial cell remains to be elucidated; further studies are needed to clarify the possible role of specific receptors.
Glucan-negative streptococcal strains like Enterococcus KG-3 also showed greater adherence to damaged aortic valve leaflets than to normal valve leaflets, but for these strains the enhanced adherence to damaged valve leaflets was not related either to endogenous glucan synthesis or to addition ofdextran. This information points to factors other than glucan production that are important in the preferential adherence of glucannegative strains to damaged valves. This factor or factors remain undefined and merit further investigation.
The data presented help to clarify the role of dextran in the adherence of glucan-positive strains to damaged canine heart valves (covered with platelet and fibrin) and may be relevant for the pathogenesis of bacterial endocarditis. Gram-positive bacterial strains adhere better than gram-negative bacilli to all heart valves, but this adherence is increased if the valvular endothelium is damaged and covered with a platelet-fibrin thrombus. For glucan-positive strains of streptococci adherence to this platelet-fibrin thrombus is in part dependent upon the presence ofhigh molecular weight glucans from any source.
In summary, the adherence of all bacterial strains to damaged aortic valves was significantly higher than to normal valves. The platelet-fibrin thrombus appears to represent a preferential site for bacterial adherence. The adherence of glucan-positive strains to damaged aortic valve sections was dependent on the presence of unmodified high molecular weight dextran and dextranase decreased adherence to control levels for these strains.
These data suggest that the high prevalence of glucan-positive strains among streptococci isolated from cases of endocarditis could be a reflection of the important role of glucans in bacterial adherence to damaged heart valves which is presumed to be the initial step in the pathogenesis of endocarditis. However, other factors such as the ability of the bacteria to multiply in vivo and to survive in the presence of normal host defenses must also be important in the development of endocarditis in man.
Addendum. After the manuscript was first submitted an article appeared with similiar findings (33) .
